Abstract-A method of acquiring clear three-dimensional image of human tooth in vitro, which is based on optical coherence tomography, is described.
Abstract-A method of acquiring clear three-dimensional image of human tooth in vitro, which is based on optical coherence tomography, is described.
The background noise of the cross-section image is eliminated by image preprocessing algorithms, then the threedimensional image is reconstructed by ray-casting algorithm and gives the whole view of dental crown which contains dentin and enamel. A plane can be used to cut the tooth interactively to observe the inner tissue. This image is convenient for doctors to locate lesions and has a great potential for the clinical diagnosis of early dental caries.
INTRODUCTION
Dental health is an important part of human health. Traditionally, dentists evaluate the oral health of a patient through three main methods: visual/tactile examination, periodontal probing, and radiographic imaging. The method of the probes can be painful, and the diagnosis is influenced by variations on insertion force, inflammatory statues of tissue, diameter of probe tips, and anatomical tooth contours. Radiographies have several limitations in identifying periodontal diseases as they provide no information about soft issue. Also they are two dimensional, and finding the precise position of a caries lesion is very difficult or even impossible and harmful to patients [1, 2] . Optical coherence tomography (OCT) has attracted extensive research as a non-contact high resolution technique for obtaining cross-section images of the internal microstructure of living tissues. Since Huang et al. [3] obtained the first OCT image of the tiny structure of human retina in 1991, many research groups have obtained clear OCT images of both normal and decayed dental tissues [4-8, 18, 19] and proved its usefulness in diagnosis.
But the dental images of those researches [4] [5] [6] [7] [8] 18 ] are basically two-dimensional, which is called B-scan (tomograms). These B-scans are obtained at sites presumptively chosen during the examinations. Obviously, more comprehensive information is desirable if we want to detect disease at early stage or monitor response to therapy in clinical practice. The ability to acquire three-dimensional or volumetric information is attractive because it can provide complete structural information [20] . The three-dimensional image in [1] is just the dental microstructure, which is inconvenient in clinical practice, because doctors need to locate lesions from the whole view of the teeth. Another different application is the three-dimensional recording in biological tissues for personal identification [21] .
The goal of this work is to acquire three-dimensional image of human tooth based on all-fiber OCT system. It contains more comprehensive structure information than the cross-section image and is convenient for doctors to locate lesions exactly. It gives the whole view of dental crown and enamel, and dentin can be seen clearly. The three-dimensional image is reconstructed by ray-casting algorithm. Ray-casting is a volume rendering method, which omits the intermediate geometric representation and involves direct projection of the entire 3D dataset onto a 2D display [14] . The image preprocessing methods are chosen to eliminate the background noise of the crosssection image. A cutting plane is interactively used to cut the tooth tissue for observing the inner structure.
THE ALL-FIBER OCT SYSTEM
The OCT system utilizes the principle of low-coherence interferometry with a broadband light source for obtaining high special resolution [9] . According to the basic theory of OCT and to overcome the polarization sensitivity commonly found in all-fiber OCT systems, a polarization insensitive scheme was adopted. Fig. 1 shows the schematic diagram of all-fiber polarization insensitive OCT system. The system uses a SLD with a FWHM bandwidth of 50 nm and a center wavelength of 1310 nm as a light source, resulting in a freespace coherence length of 15 µm. Teeth are high scattering tissue; the attenuation of light inside the teeth is primarily from scattering; and the absorption is negligible. Near-infrared light at 1310 nm waveband has the maximum penetration depth and is well suited for the detection and imaging of interproximal caries lesions [10, 11] . Light is delivered to the sample by a GRIN lens with a focal length of 3 mm. The reflected light from the exiting surface of GRIN lens is used as the reference signal. One arm of the interferometer consists of a fiber stretcher based on scanning optical delay line with 3 mm delay range and a variable delay line (VDL) for matching the optical length between the two interferometer arms. A Faraday rotator mirror is placed at each end of the interferometer arms for eliminating polarization fluctuations in the single mode fiber. Note that such an arrangement completely eliminates polarization sensitivity, even when the sample arm and the interferometer arms are perturbed. The balanced detector receives the interference signal, and it can eliminate the common mode noises and the DC signal. The DAQ card collects the data to the computer. A two-dimensional displacement stage driven by the stepper motor is used for the transverse scans of the sample.
THE CROSS-SECTION IMAGE OF HUMAN TOOTH
The tooth was kept in distilled water and was fixed on the twodimensional displacement stage. Fig. 2 shows the three-dimensional scan directions. Z direction is the depth scan (A-scan), and X is the transverse scan direction; adding another Y we can generate the threedimensional image. The OCT cross-section images are constructed along X and Z directions. The raw interference data were smoothed by the band-pass filter. The parameter of the filter was determined by the driver frequency of fiber stretcher, f s . The maximum optical length change of fiber stretcher is l m (in the air). Then the carrier wave frequency of the interference signal is
where λ 0 is the center wave length of broadband light source. The interference signal bandwidth is [12] 
where Δλ is the bandwidth of the light source. We extracted the interference signal envelope based on Hilbert transformation. Fig. 4 . All scans were normalized to a maximum OCT signal, and a false-color gray scale was used. We can see clearly that there are some cracks in the crown.
3D IMAGE RECONSTRUCTION OF THE HUMAN TOOTH
Volume visualization is realized by projecting a three-dimensional dataset onto a two-dimensional image plane, so we can gain an understanding of the structure contained within the data volume. The data volume is usually treated as an array of volume elements (voxels), as shown in Fig. 5 . Each voxel has 8 grid-points. The values of the dataset are distributed on the 8 grid-points of the voxels. The fundamental volume visualization algorithms fall into two categories, direct volume rendering (DVR) algorithms and surface-fitting (SF) algorithms. Ray-casting belongs to DVR, while marching cubes belong to SF. DVR methods are characterized by mapping elements directly into screen space without using geometric primitives as an intermediate representation. SF algorithms typically fit surface primitives such as polygons or patches to constant-value contour surfaces in volumetric datasets. The user begins by choosing a threshold value, and then geometric primitives are automatically fit to the high-contrast contours in the volume that match the threshold. Cells whose values are all above the chosen threshold or all below the threshold are discarded and have no effect on the final image. Showing just the cells falling on the threshold is sometimes useful, but can be a problem. Another consideration is the huge number of surface primitives generated for large volumetric datasets. Ray-casting is chosen since it makes full use of the entire 3D dataset. It has much higher image quality and can give more details of the structure [14] . Ray-casting conducts an imageorder traversal of the image plane pixels, finding a color and opacity for each [13, 15] . The procedure is shown in Fig. 6 [16] .
The first step is the dataset acquisition. In our experiment, 97 OCT cross-section (slice) images of the sample were obtained. The size of the cross-section image is 455 × 291. Fig. 7 shows four image examples and the sample. The cross-section image is made up of the dental crown, which contains enamel and dentin.
The next step is the data preprocessing. Since there is much noise in the background of the original cross-section images gained in the experiment the gray scale of it even can compare with the dentin, which will make identifying the edge of tooth difficult and therefore will influence the result of the reconstruction. The method is that we should extract the contour of the tooth tissue. First, we use the median filter to reduce the impulse noise. Then we improve the contrast of the image through histogram equalization. And the image binarization can remove the noise that has lower gray value. After that, edge extracting is done based on Sobel-operator. However, some of the extracted contours are broken. The broken contours are connected through mathematical morphology. Finally, we extract the biggest contour based on connect domain which is the contour of the tooth tissue. Fig. 8(a) shows the original image; (b) shows the histogram equalization result; and (c) shows its contour.
With the position of the background is determined, we can assign Figure 6 . The procedure of the ray-casting algorithm.
zero to it to make the background black. Repeating the procedures until all slices are processed. Then we put the data slices into an array of voxels as mentioned before. These voxels comprise the 3D dataset. After that a ray is launched from each pixel of the image plane through the data volume along our observation direction. Along each ray, a certain amount of resample points are chosen, which are equally spaced. This step is called resampling, as shown in Fig. 9 .
In our method there are two coordinates; one represents the volume data called object coordinate; the other represents the image plane called image coordinate. The resample points are described in the image coordinate. In order to find the values of the resample points, we should transform them from the image coordinate to object coordinate. Fig. 10 shows the transform between two coordinates. XY Z represents the image coordinate, and UVW represents the object coordinate. The observation direction is determined by the user. So we can assume that UVW is obtained from XY Z by rotating it around a zeroaxial axis k with an angle θ, and k is a unit vector. The equation is referred as (3) .
is the point before rotating, and (x , y , z ) is the point after rotating.
Thus we can know the three axial vector coordinates of UVW in XY Z.
To find the value of the resample point, an interpolation is performed by the closest eight grid-points. Then according to the value, we should classify the point, which means choosing color (brightness) and opacity (light attenuation) values to go with each possible range of data values. The range of opacity is 0 to 1. Since the tissue in the cross-section image can be divided into two parts, enamel and dentin, there are two ranges of the resample points. One represents the enamel; the other represents the dentin.
The last step is the front-to-back image synthesis. The opacities and colors of the resample points encountered along the ray are summed to find the opacity and color of the pixel. Fig. 11 shows the image synthesis [17] with C represents the color of the resample point, and a represents the opacity of the resample point. And the equation is referred as (4) .
The front-to-back traversal is chosen, because the resample points in the back do not have to be traversed if the resample points in the front have already created a complete image. This means that the opacity value will increase gradually. When it approaches 1, the pixel is near to be totally opaque. The subsequent resample points will not contribute to the image, and do not need to be calculated. This method avoids useless calculation and can be faster.
Each pixel of the image plane can be shown with its color and opacity. Then the three-dimensional image is reconstructed.
The result is shown in Fig. 12 . It gives the whole view of dental crown. The brighter part represents the enamel, and the darker part is the dentin.
In order to observe the inner tissue interactively, a cutting plane determined by the mouse is used to cut the tooth. The resample points above the cutting plane need not to be calculated. The result is shown in Fig. 13 . The middle of the image is enamel, which is brighter.
DISCUSSION AND CONCLUSION
We developed a method to acquire three-dimensional image of the human tooth in vitro based on all-fiber OCT system. The image was reconstructed by ray-casting algorithm. There are many advantages of the algorithm. The image shows the entire dataset, not just a collection of thin surfaces as in SF, and its quality is much higher. It can also show the details of the structure. Ray-casting can be parallelized at pixel level since rays from all the pixels in the image plane can be cast independently. The disadvantages of ray-casting are that it is slower than SF and the entire dataset must be traversed each time an image is rendered. In the experiment, three-dimensional image was reconstructed using 97 cross-section images. The size of the crosssection image is 455 × 291 pixels. The depth scan (A-scan) of the OCT system is 3 mm, and the transverse scan (B-scan) is 7.5 mm. So the cross-section images are large enough to observe the dental crown tissue. The three-dimensional image, Fig. 12 , clearly shows the general view of dental crown, including enamel and dentin. It will be convenient for doctors to locate lesions exactly. Before reconstruction, we did the image processing to eliminate the background noise of the cross-section images. The front-to-back image synthesis can accelerate the calculation. We also provided an interactive function, i.e., a cutting plane can be used to cut the tooth tissue for observing the inner structure, as shown in Fig. 13 . This method will be of great benefit to the clinical diagnosis of early dental caries. 
